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ﻢﻴﺣﺮﻟﺍ ﻦﲪﺮﻟﺍ ﷲﺍ ﻢﺴﺑ 
 
 
 
 
 
 
 
ﻲﻟﺎﻌﺗ ﻝﺎﻗ:  
 
 
۞  ﻪﱠﻠﻟﺍﺭﻮﻧ ﹺﺽﺭﹶﺄﹾﻟﺍﻭ ﺕﺍﻭﺎﻤﺴﻟﺍ ۚ  ﹸﻞﹶﺜﻣﻩﹺﺭﻮﻧ ﺡﺎﺒﺼﻣ ﺎﻬﻴﻓ ﺓﺎﹶﻜﺸﻤﹶﻛ ۖ  ﻲﻓ ﺡﺎﺒﺼﻤﹾﻟﺍ
ﺔﺟﺎﺟﺯ ۖ  ﺎﱠﻟ ﺔﻧﻮﺘﻳﺯ ﺔﹶﻛﺭﺎﺒﻣ ﺓﺮﺠﺷ ﻦﻣ ﺪﹶﻗﻮﻳ ﻱّﹺﺭﺩ ﺐﹶﻛﻮﹶﻛ ﺎﻬﻧﹶﺄﹶﻛ ﹸﺔﺟﺎﺟﺰﻟﺍ ﺎﹶﻟﻭ ﺔﻴﻗﺮﺷ
ﺭﺎﻧ ﻪﺴﺴﻤﺗ ﻢﹶﻟ ﻮﹶﻟﻭ ُﺀﻲﻀﻳ ﺎﻬﺘﻳﺯ ﺩﺎﹶﻜﻳ ﺔﻴﹺﺑﺮﹶﻏ ۚ ﺭﻮﻧ  ٰﻰﹶﻠﻋﹴﺭﻮﻧ ۗ  ﻪﱠﻠﻟﺍ ﻱﺪﻬﻳﻩﹺﺭﻮﻨﻟ  ﻦﻣ
ُﺀﺎﺸﻳ ۚ ﹺﺱﺎﻨﻠﻟ ﹶﻝﺎﹶﺜﻣﹶﺄﹾﻟﺍ ﻪﱠﻠﻟﺍ ﺏﹺﺮﻀﻳﻭ ۗ  ﻢﻴﻠﻋ ٍﺀﻲﺷ ّﹺﻞﹸﻜﹺﺑ ﻪﱠﻠﻟﺍﻭ﴿٣٥﴾  
ﻢﻴﻈﻌﻟﺍ ﷲﺍ ﻕﺪﺻ       
ﺭﻮﺳ ﺓﺭﻮﻨﻟﺍ  ﺔﻳﻻﺍ﴿٣٥﴾  
 
Translation           ﺔﻤﺟﺮﺘﻟا 
 
۞Allah is the light of the heavens and the earth; a likeness of His light is as a 
niche in which is a lamp, the lamp is in a glass, (and) the glass is as it were a 
brightly shining star, lit from a blessed olive-tree, neither eastern nor western, 
the oil whereof almost gives light though fire touch it not-- light upon light-- 
Allah guides to His light whom He pleases, and Allah sets forth parables for men, 
and Allah is Cognizant of all things.  ﴿35﴾  
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Abstract 
 
       This dissertation presents voltage control methods to improve the 
voltage level of a Power system while  minimizing losses. Newton Raphson 
method is used to calculate active and reactive power and tap changing 
transformer is used to minimize the reactive losses. Uncontrolled reactive 
power flow can give rise to excessive reactive power losses and voltage 
drops. The strategy of this project is to analyze and to get a mathematical 
model and physical knowledge about load tap changer transformer (LTC) by 
computer simulation .the model is then used to study the behavior of the 
Sudanese National Grid (SNG) in its simplified form. 
 
. 
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 وﺗﻘﻠﻴﻞ ﻜﻬﺮﺑﺎﺋﻴﺔاﻟ اﻟﻘﺪرة ﻧﻈﺎم ﻓﻮﻟﺘﻴﺔ ﻣﺴﺘﻮى وﺗﺤﺴﻴﻦ اﻟﺴﻴﻄﺮة ﻃﺮق اﻻﻃﺮوﺣﺔ هﺬﻩ ﺗﻘﺪم
   CTL. ﻓﻲ واﻟﺴﻴﻄﺮة اﻟﻔﻘﻮدات ﻟﺤﺴﺐ راﻓﺴﻮن ﻧﻴﻮﺗﻦ ﻃﺮﻳﻘﺔ هﻨﺎ اﺳﺘﺨﺪﻣﺖ. اﻟﻔﻘﻮدات
 ﻟﺘﻘﻠﻴﻞ ﻓﻌﺎﻟﺔ اﻟﻐﻴﺮ ﻟﻘﺪرةوا اﻟﻔﻮﻟﺘﻴﺔ ﻓﻲ ﺑﺎﻟﺘﺤﻜﻢ ﻳﻘﻮم اﻟﺬي و .CTL ﻪﻣﻌﺎدﻻﺗ ﺑﺒﺮﻣﺠﺔ
 اﻟﻔﻮﻟﺘﻴﺔ ﻓﻲ وهﺒﻮط ﻓﻘﻮدات ﻳﺴﺒﺐ ان ﻳﻤﻜﻦ ﻋﻠﻴﻪ ﻣﺘﺤﻜﻢ اﻟﻐﻴﺮ اﻟﺘﺪﻓﻖ. اﻟﺨﺴﺎﺋﺮ ﻟﺘﻘﻠﻴﻞ
ﻟﻠﺤﺼﻮل ﻋﻠﻲ  CTL هﻮ ﺗﺤﻠﻴﻞ داﺋﺮةﻟﺒﺤﺚ ا اإّن إﺳﺘﺮاﺗﻴﺠﻴﺔ هﺬ .اﻻﺳﺎﺳﻲ اﻟﺤﻤﻞ ﻋﻠﻲ
ﻣﺤﺎآﺎة ﺑﺎﻟﺤﺎﺳﻮب ﻟﺤﺠﻢ ﻣﻌﻘﻮل ﻣﻦ ﻣﻨﻈﻮﻣﺔ ﺎﺿﻲ وﻟﻤﻌﺮﻓﺔ ﻃﺒﻴﻌﻴﺔ ﻋﻤﻠﻪ ﻟﻌﻤﻞ ﻧﻤﻮذج رﻳ
  .ﻓﻮﻟﺘﻴﺔ اﻟﻤﻨﻈﻮﻣﺔﻋﻠﻲ   CTL اﻟﻬﻴﺌﺔ اﻟﻘﻮﻣﻴﺔ ﻟﻠﻜﻬﺮﺑﺎء اﻟﺴﻮداﻧﻴﺔ ﻟﻤﻌﺮﻓﺔ ﺗﺄﺛﻴﺮ
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                                           Chapter one 
                           Methods of voltage control  
1.1Introduction  
      The control of voltage levels in an electrical power system is accomplished by 
controlling the production absorption, and flow of reactive power at all levels in 
the system. The generating units provide the basic means of voltage control; the 
automatic voltage regulator field excitation maintains a scheduled voltage level at 
the terminals of the generators. Additional means are usually required to control 
voltage throughout the system. The devices used for this purpose may be 
classified as follows: 
(a) Sources or sinks of reactive power, such as shunt capacitors, shunt reactors, 
Synchronous condensers and Static Var Compensators (SVCs). 
(b) Line reactance compensators, such as series capacitors. 
(c) Regulating transformers, such as tap-changing transformers. 
     Shunt capacitors and reactors, and series capacitors provide passive 
compensation. They contribute to voltage control by modifying the network 
Characteristics. Synchronous condensers and SVCs provide active compensation; 
the reactive power supplied by them is automatically adjusted so as to maintain 
voltages of the buses to which they are connected [1]. 
      The following is a description of the basic characteristics and forms of 
application of devices commonly used for voltage and reactive power control. 
 
1.2 Basic principles of reactive power compensation in transmission 
system.  
       Figure 1.1(a) shows a simplified model of a power transmission system. Two 
power grids are connected by a transmission line which is assumed lossless and 
represented by the reactance X
L
, V1סδ1 and V2סδ2 represent the voltage phasors of 
the two power grid buses with angle δ= δ
1
- δ
2 
between the two. The corresponding 
phasor diagram is shown in Figure 1.1(b). 
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Figure 1. 1 Power transmission system: (a) simplified model; (b) phasor diagram [2] 
 
The magnitude of the current in the transmission line is given by: 
ܫ ൌ ௅ܸܺ௅
ൌ
| ଵܸסߜଵ െ ଶܸסߜଶ|
ܺ௅
… … … … … … … … … … . . … … … ሺ1.1ሻ 
The active and reactive components of the current flow at bus 1 are given by: 
ܫௗଵ ൌ
ଶܸݏ݅݊ߜ
ܺ௅
,                                 ܫ௤ଵ ൌ
ଵܸെ ଶܸܿ݋ݏߜ
ܺ௅
 … … … … . ሺ1.2ሻ 
 
The active power and reactive power at bus 1 are given by: 
ଵܲ ൌ
ଵܸ ଶܸݏ݅݊ߜ
ܺ௅
,                          ܳଵ ൌ
ଵܸሺ ଵܸെ ଶܸܿ݋ݏߜሻ
ܺ௅
 … … … … . ሺ1.3ሻ 
 
Similarly, the active and reactive components of the current flow at bus 2 can be 
given by: 
ܫௗଶ ൌ
ଵܸݏ݅݊ߜ
ܺ௅
,                                      ܫ௤ଶ ൌ
ଶܸെ ଵܸܿ݋ݏߜ
ܺ௅
 … … … … . ሺ1.4ሻ 
 
The active power and reactive power at bus 2 are given by: 
ଶܲ ൌ
ଵܸ ଶܸݏ݅݊ߜ
ܺ௅
,                             ܳଶ ൌ
ଶܸሺ ଶܸെ ଵܸܿ݋ݏߜሻ
ܺ௅
 … … … … . ሺ1.5ሻ 
Equations (1-1) through (1-5) indicate that the active and reactive power/current 
flow can be regulated by controlling the voltages, phase angles and line impedance 
of the transmission system. The active power flow will reach the maximum when 
the phase angle δ is 90º. In practice, a small angle is used to keep the system stable 
from the transient and dynamic oscillations [3].  
Generally, the compensation of transmission systems can be divided into two main 
groups: shunt and series compensation. 
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1.2.1 Shunt compensation 
      Shunt compensation, especially shunt reactive compensation has been widely 
used in transmission system to regulate the voltage magnitude, improve the voltage 
quality, and enhance the system stability [4]. Shunt-connected reactors are used to 
reduce the line over-voltages by consuming the reactive power, while shunt-
connected capacitors are used to maintain the voltage levels by compensating the 
reactive power to transmission line. 
 
A simplified model of a transmission system with shunt compensation is shown in 
Figure 1.2(a). The voltage magnitudes of the two buses are assumed equal as V,and 
the phase angle between them is δ. The transmission line is assumed lossless and 
represented by the reactance X
L
. At the midpoint of the transmission line, a 
controlled capacitor C is shunt-connected. The voltage magnitude at the connection 
point is maintained as V. 
        
Figure 1. 2 Transmission systems with shunt compensation: (a) simplified model; 
(b) Phasor diagram; (c) power-angle curve [2] 
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As discussed previously, the active powers at bus 1 and bus 2 are equal.  
ଵܲ ൌ ଶܲ ൌ
2ܸଶ
ܺ௅
ݏ݅݊
ߜ
2 … … … … … … ሺ1.6ሻ 
 
The injected reactive power by the capacitor to regulate the voltage at the mid-
point of the transmission line is calculated as: 
ܳ஼ ൌ
4ܸଶ
ܺ௅
൬1 െ ܿ݋ݏ
ߜ
2൰ … … … … … … . . ሺ1.7ሻ 
From the power angle curve shown in Figure 1.2(c), the transmitted power can be 
significantly increased, and the peak point shifts from δ=90º to δ=180º. The 
operation margin and the system stability are increased by the shunt compensation.  
The voltage support function of the midpoint compensation can easily be extended 
to the voltage support at the end of the radial transmission, which will be proven 
by the system simplification analysis in a later section. The reactive power 
compensation at the end of the radial line is especially effective in enhancing 
voltage stability. 
 
1.2.2 Series compensation  
        Compensation aims to directly control the overall series line impedance of the 
transmission line. Tracking back to Equations (1-1) through (1-5), the AC power 
transmission is primarily limited by the series reactive impedance of the 
transmission line. A series-connected capacitor can add a voltage in opposition to 
the transmission line voltage drop, therefore reducing the series line impedance.  
A simplified model of a transmission system with series compensation is shown in 
Figure 1.3(a). The voltage magnitudes of the two buses are assumed equal as V, 
and the phase angle between them is δ. The transmission line is assumed lossless 
and represented by the reactance X
L
. A controlled capacitor is series-connected in 
the transmission line with voltage addition V
inj
. The phasor diagram is shown in 
Figure 1.3(b) 
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Figure 1. 3 Transmission systems with series compensaƟon: (a) simplified model; 
(b) Phasor diagram; (c) power‐angle curve [2] 
 
Defining the reactance of  C as a portion of the line reactance, 
ܺ஼ ൌ ܭܺ௅ … … … … … … … … … … . ሺ1.8ሻ 
 
The overall series reactance of the transmission line is, 
ܺ ൌ ܺ௅ െ ܺ஼ ൌ ሺ1 െ ܭሻܺ௅ … … … … … … … … ሺ1.9ሻ 
 
The active power transmitted is, 
ଶܲ ൌ
ܸଶݏ݅݊ߜ
ሺ1 െ ܭሻܺ௅
, … … … … … … … … … … . ሺ1.10ሻ  
 
 
The reactive power supplied by the capacitor is calculated as: 
   ܳ஼ ൌ
2ܸଶܭሺ1 െ ܿ݋ݏߜሻ
ሺ1 െ ܭଶሻܺ௅
 … … … … … … … … . . ሺ1.11ሻ 
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In Figure 1.3(c) shows the power angle curve from which it can be seen that the 
transmitted active power increases with k. 
  
1.3 Synchronous condensers 
     A synchronous condenser is a synchronous machine running without a prime 
mover or a mechanical load. By controlled the filed excitation, it can be made to 
either generate or absorb reactive power. The voltage regulator, it can be 
automatically adjust the reactive power output to maintain constant terminal 
voltage. It draws a small amount of active power from system to supply losses. 
Some combustion turbine peaking units can be operated as synchronous 
condensers if required. Such units are often equipped with clutches which can be 
used to disconnect the turbine from the generator when active power is not 
required from them [1]. 
 
1.4 Static var systems 
          Static Var compensators are shunt-connected static generators and/or 
absorbers whose Outputs are varied so as to control specific parameters of the 
electric power system. The term of Static is used to indicate that SVSs, unlike 
synchronous compensators, have no moving or rotating main components. Static 
Var systems are capable of controlling individual voltages of the buses to which 
they are connected .They can therefore be used for control of negative-sequence as 
well as Positive-sequence voltage deviations.SVC composed of a controllable 
reactor and a fixed capacitor is considered. The resulting characteristics are 
sufficiently general and are applicable to a wide range of practical SVS 
configuration. Figure 1.4 illustrates the characteristic SVS consisting of a 
controllable reactor and a fixed capacitor. The composite characteristic is derived 
by adding the individual characteristic of the components [1]. 
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Figure 1.4 (a) controllable reactor         (b) fixed capacitor                            (c) SVS 
 
1.5 Tap changing transformer 
      The main purpose of all power transformer and distribution transformer is to 
transfer electric energy from one voltage level to another. Practically all power and 
many distribution transformers have tap for changing the turns ratio, voltage 
magnitude is lateral by changing the setting and affects the distribution of VARs 
and may be used to control the flow of reactive power [5].  
There are two type of tap changing transformer 
   (a) Off-load tap changing transformer 
    (b) Tap changing under load (TCUL) Transformer   
     The off-load tap changing transformer requires the disconnection of the 
transformer when the tap setting is to be changed. Figure 1.5 give the connection 
off-load tap changing transformer. Atypical off-load tap changing transformer 
might have four tap in addition to the nominal setting. 
    Tap changing under load is used when changes on turn ratio may be frequent. 
Basically a TCUL transformer is a transformer with ability to change tap while 
power is connected. Figures 1.6 give the connection on-load tap changing 
transformer. In position shown in figure 1.6 the voltage is Maximum. 
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                              Figure 1.5 off-load tap changing transformer 
 
                              
                         Figure 1.6 on-load tap changing transformer 
 
1.6Transformer (O LT C) Control systems  
Here focus is made on models for the control systems used for automatically 
changing transformer taps under load.  
    The functional block diagram of the control system is shown in Figure (1.7)it 
consists of the following basic elements: 
(a) Tap-changing mechanism driven by a motor unit 
(b) Voltage regulator consisting of a measuring element and a time-delay element 
(c) Line drop compensator 
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                                                               Measuring line voltage 
 
                                                                Line current 
 
        Compensator 
        Voltage 
 
                                                                                                                 Tap-position 
Reference 
voltage 
 
 
Figure 1.7 Functional block diagram of control system for automatic changing of transformer taps 
 
Figure below shows the transmission line with tap changing transformer at both 
ends, the objective is to find out the tap changing ratios required to completely 
Compensate for the voltage drop in the line. 
 
             
           Figure 1.8transmission line with tap changing transformer at both ends. 
 
V1 is the supply phase voltage and V2 is the load phase voltage. VS and VR are 
sending and receiving end voltage of the line respectively. 
Figure 1.8 shown  the voltage phase diagram. 
 
                    
                                     Figure 1.9 Voltage phasor diagram 
 
 
Line drop 
compensator
 
Measurin
g element 
Time-
delay 
element
  Tap 
changing 
  Motor 
drive unit 
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From figure  
                              ܸݏ ൌ ோܸ ൅ ܫሺܴ ൅ ܬܺሻ … … … … … . . … … … . … . . ሺ1.12ሻ                 
Also                      | ௌܸ|ܿ݋ݏߜ ൌ | ோܸ| ൅ |ܫ|ܴܿ݋ݏߔ ൅ |ܫ|ܺݏ݅݊ߔ … . … ሺ1.13ሻ     
The phase angle ߜis usually small ߜ=0.0 therefore the equation becomes 
                              | ௌܸ| ൌ | ோܸ| ൅ |ܫ|ܴܿ݋ݏߔ ൅ |ܫ|ܺݏ݅݊ߔ … . … … … . ሺ1.14ሻ       
Now it can be written 
                                                ܲ ൌ | ோܸ||ܫ|ܿ݋ݏߔ … … … … … … . . ሺ1.15ሻ                    
                                                ܳ ൌ | ோܸ||ܫ|ݏ݅݊ߔ  … . … … … … … ሺ1.16ሻ 
  |ܫ|ܿ݋ݏߔ ൌ
ܲ
| ோܸ|
      … … … . … … … … … … . ሺ1.17ሻ 
         |ܫ|ݏ݅݊ߔ ൌ
ܳ
| ோܸ|
     … … … … … . . … … . . ሺ1.18ሻ 
Using equation (1.14),(1.17)and(1.18) we get 
  
| ௌܸ| ൌ | ோܸ| ൅
ܴܲ ൅ ܳܺ
| ோܸ|
    … … … . … … … . . ሺ1.19ሻ 
Since VS=V1.tS and VR=V2.tR the above equation becomes  
 
ݐௌ. | ଵܸ|ൌ ݐோ| ଶܸ| ൅
ܴܲ ൅ ܳܺ
ݐோ. | ଶܸ|
  … … . … … . ሺ1.20ሻ 
 
ݐௌ ൌ
1
| ଵܸ|
ሾݐோ|ܸ|ଶ ฬ൅
ܴܲ ൅ ܳܺ
ݐோ. | ଶܸ|
൨  … … … … . ሺ1.21ሻ 
It can be assumed here that  the product of ts and tR is unity  tS.tR=1.0  as this 
ensures that the overall voltage level remain of the same order and that the 
minimum range of taps on both transformer is used .substituting for  tR=1/tS  in 
equation(1.21) we get 
 
  
 ݐௌ ൌ ቈ
ଶܸ
ଵܸ
൬1 െ
ܴܲ ൅ ܳܺ
| ଵܸ|. | ଶܸ|
൰
ିଵ
቉
଴.ହ
… … … . … ሺ1.22ሻ 
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                                       Modeling of Power Plant  
2.1 Synchronous Machine Modeling 
         In general, synchronous machines are grouped into two main types, 
according to their rotor structure: round rotor and salient pole machines [14]. The 
rotor carries a DC excited field winding. They normally have damper windings in 
addition to the field winding. Damper windings consist of bars placed in slots on 
the pole faces and connected together at both ends. For simulation purposes, the 
currents circulating in the solid steel or in the damping windings can be treated as 
currents circulating in two closed circuits. This is illustrated in Figure 2.1, where 
all six windings are magnetically coupled 
 
                                       
                  Figure 2.1Schematic representation of a three-phase synchronous generator. 
The relative position of the rotor with respect to the stator is given by the angle θ 
between the rotor’s direct axis and the stators phase a axis, termed the d-axis and 
q-axis, respectively. In the stator, the axis of phases a, b, and c are displaced from 
each other by 120 electrical degrees. In the rotor, the d axis is magnetically 
centered in the north pole of the machine. Second axis, located 90 electrical 
degrees behind the d axis is termed the quadrature axis or q axis [6]. 
 
Synchronous Machine Voltage Equation 
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    The rotor emfs (electromagnetic forces) and saliency are accounted for in the 
resulting voltage equation, which may form the basis for connecting the machine 
model to a given three phase bus of an unbalanced power system representation. 
The instantaneous voltages of the machine may be expressed 
                                                 V=Ri+PLi  ……………………………….(2.1) 
Where R and L are the machine resistance and inductance matrices, respectively, 
and p is the time derivative operator. 
Furthermore, expanding Equation above into stator and rotor subsets, we obtain: 
      (2.2) 
Where 
 ܩ ൌ  ݀ܮ/݀ߠ ; ߱r, equal to ݀ܮ/݀ݐ, is the rotor speed; and  θ =  ߱r+ σ 
The sub matrix coefficients L, G, and R are: 
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Instead of this elaborate model of the synchronous machine a very simple model is 
used and the synchronous machine is considered. As an emf behind a series 
impedance Zg 
Where 
௚ܼ ൌ ܴ ൅ ݆ܺ 
2.2 Load Modeling 
     In general, power system loads can be classified into rotating and static loads. A 
third category corresponds to power electronic-based loads. Rotating loads consist 
mainly of induction and synchronous motors, and their steady-state operation is 
affected by voltage and frequency variations in the supply. Power electronic-based 
loads are also affected by voltage and frequency variations in the supply. There is 
general agreement that such loads are more difficult to operate because, in addition 
to being susceptible to supply variations, they inject harmonic current distortion 
back into the supply point [11]. 
        In steady-state applications, most system loads represented by a three phase 
power sink, which may be connected either in a star or delta configuration, 
depending on requirements. Figure 2.2(a) shows the schematic representation of a 
star-connected load with the star point solidly grounded, whereas Figure 2.2(b) 
shows a schematic representation of a delta-connected load. 
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Figure 2.2 System load representation: (a) star-connected load with star point solidly grounded 
and (b) delta-connected load 
 
In three-phase power flow studies it is normal to represent bulk power load points 
as complex powers per phase, on a per-unit basis: 
                             SLa=pLa+jQLa, 
                            SLb=pLb+jQLb,                                                    (2.3) 
                            SLc=pLc+jQLc.            
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2.3 Power Transformer Modeling 
       Power transformers are essential plant components of the power system. In 
general, they provide the interface between sections of the network with different 
rated voltages, for example a generating plant and the transmission network, a 
static VAR compensation (SVC) and the transmission network. Transformers 
consist of two or three copper windings per phase and one or more iron cores. 
They are normally contained in metallic enclosures (i.e. tanks), and are immersed 
in high grade oil for insulation purposes [6]. 
From the modeling point of view, it is convenient to separate the electric circuit, 
formed by the copper windings, from the magnetic circuit, formed by the iron core. 
The reactance’s of the windings can be found from short-circuit tests, and the iron-
core reactance’s can be found from open-circuit tests. The three-phase windings of 
power transformers may be connected in a number of ways, but in high-voltage 
transmission the most popular connections are:  
(1) star–star 
(2)  delta–delta, and 
(3) Star–delta.  
Furthermore, the star point can be either solidly grounded, grounded through an 
earthling impedance or it may be floating. In power transformers the magnetizing 
current usually represents only a small percentage of the load current. However, 
this current is rich in harmonics, and a detailed representation of the magnetic 
circuit is mandatory in studies involving harmonic frequencies. In fundamental 
frequency studies, such as power flows, this requirement is not as severe and it is 
waved in most cases, unless the study is aimed at conducting an accurate 
assessment of power system losses [6]. 
 
2.3.1 Single-phase Transformers 
    The starting point for developing comprehensive power flow transformer models 
is the schematic representation of the basic two-winding transformer shown in 
Figure 2.3. The windings contain resistance but it is assumed that the core does not 
saturate and exhibits no hysteresis. 
The two transformer windings, termed primary (p) and secondary (s) windings 
contain Np and Ns turns, respectively. The voltages and currents existing in both 
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windings are related by a matrix of short-circuit (sc) impedance parameters, as 
given by the following [6] 
                             
                                    Figure 2.3 Two-winding transformer 
 
Expression: 
                                       ൤ ௉ܸ
ௌܸ
൨ ൌ ൤
ܼ௦௖௣ ܼ௠
ܼ௠ ܼ௦௖௦
൨ ൤ܫ௉ܫௌ
൨                              2.3  
                                             
Where 
                               Zscp  =Rp+jXscp     
                               Zscs  =Rs+jXscs     
                               Zscp  =jXm                                               
Where 
 Rp and Rs are the resistances of the primary and secondary windings, respectively 
 
Xsc p; Xsc s, and Xm are short-circuit reactance’s obtained by exciting two terminals 
of the transformer. 
       The ratio of excitation voltage to short-circuit current gives the relevant short 
circuit reactance: 
 ܺ௦௖௣ ൌ
ܧଵଶ
ܫଷସ
,      ܺ௦௖௦ ൌ
ܧଷସ
ܫଵଶ
, ܺ௠ ൌ
ܧଵଷ
ܫଶସ
,  
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From the point of view of system analysis there are advantages in expressing the 
short-circuit impedance matrix of Equation (2.3) in admittance form: 
                                            ൤ܫ௉ܫௌ
൨ ൌ ൤ ௦ܻ௖௣ ௠ܻ
௠ܻ ௦ܻ௖௦
൨ ൤ ௉ܸ
ௌܸ
൨                              2.4 
                                           
Where 
௦ܻ௖௣ ൌ
ܼ௦௖௦
ܼ௦௖௣ܼ௦௖௦ ൅ ܼ௠ଶ
 
௦ܻ௖௦ ൌ
ܼ௦௖௣
ܼ௦௖௣ܼ௦௖௦ ൅ ܼ௠ଶ
 
௠ܻ ൌ
ܼ௦௖௦
ܼ௦௖௣ܼ௦௖௦ ൅ ܼ௠ଶ
 
   
It is observed that up to three short-circuit tests are required to characterise the 
matrices of short-circuit parameters. However, the primary and secondary short 
circuit admittances are almost the same when expressed in per-unit values, say Ysc. 
Owing to the strong magnetic coupling afforded by iron cores, the mutual 
admittance between primary and secondary windings can also be taken to have a 
value of Ysc Hence, the transformer short-circuit admittance matrix, in per units, is: 
                                     (2.5) 
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2.4 Power Transmission line modeling 
2.4.1Introduction 
        Electric energy is produced at electric power generating stations and 
transported over high-voltage transmission lines to utilization points. The trend 
toward using higher voltages is motivated by the increased line capacity while 
reducing line losses per unit of power transmitted. The reduction in losses is 
significant and is an important aspect of energy conservation. Better use of land is 
a benefit of the larger transmission capacity of the lines. 
     This section develops a fundamental understanding of modeling the 
performance of electric power transmission systems. 
 
2.4.2Electrical Transmission line parameters 
       An electric transmission line is modeled using series resistance, series 
inductance, shunt (parallel to ground) capacitance, and shunt conductance. The line 
resistance and inductive reactance are important. For some studies it is possible to 
omit the shunt capacitance and conductance and thus simplify the equivalent 
circuit considerably [9]. 
Aspects of determining these parameters on the basis of line length, type of 
conductor used, and the spacing of the conductors as they are mounted on the 
supporting structure of the transmission towers are dealt with. 
        A wire or combination of wires not insulated from one another is called a 
conductor. A stranded conductor consists of a group of wires, usually twisted or 
braided together. In a concentrically stranded conductor, each successive layer 
contains six more wires than the preceding one. There are two basic constructions: 
the one-wire core and the three-wire core. 
 
2.4.3.1 Line Resistance 
The resistance of the conductor is the most important cause of power loss in a 
power line. Direct-current resistance is given by the familiar formula: 
       ܴ݀, ൌ  
ߩ݈
ܣ
 ݋݄݉ݏ 
Where 
ρ = resistivity of conductor 
݈= length 
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A = cross-sectional area 
The conductor resistance is affected by three factors: frequency, spiraling and 
temperature. 
2.4.2.2 Inductance of transmission line 
The inductances define in the electric magnetic circuit as the ratio between the flux 
linkage and current. 
ܮ ൌ
ߣ
ܫ
 
The total flux linkage 
                                                            ߣ௜௡௧ ൌ
ఓబூ
଼గ
  
ߣ௜௡௧= internal flux linage 
ૄ0 = permeability of free space =4π*10ି଻ H/m 
 
ܮ௜௡௧ ൌ
ߤ଴
8ߨ
ൌ
1
2
כ 10ି଻ 
External inductance  
                                            ߣ௘௫௧ ൌ 2 כ 10ି଻݈݊
஽
௥
 ݓܾ/݉  
ܮ௘௫௧ ൌ 2 כ 10ି଻݈݊
ܦ
ݎ
 ܪ/݉ 
D= the space between two conductor by meter  
r=conductor radius  
The total inductance of conductor  
                                      ܮ ൌ ቀ0.5 ൅ 2݈݊ ஽
௥
ቁ כ 10ି଻  
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The inductance in three phase transmission line 
                                      ܮ ൌ ቀ0.5 ൅ 2݈݊ ஽
௥
ቁ כ 10ି଻  
Where 
ࡰ ൌ ඥࡰ૚ࡰ૛ࡰ૜
૜  
 
2.4.2.3 Capacitance of transmission line 
          The capacitance of a transmission line is the result of the potential 
Differences between the conductors themselves as well as potential differences 
between the conductors and ground. 
           The line’s shunt admittance consists of the conductance (G) and the 
capacitive sbusceptance (B). The conductance of a line is usually not a major factor 
since it is dominated by the capacitive sbusceptance B =࣓ࢉ. The line capacitance is 
a leakage (or charging) path for the ac line currents. 
Consider a single-phase, two-wire line of infinite length with conductor radii of 
r1and r2 and separation D 
                                                    ஺ܸ ൌ
௤
ଶగఌబ
ln ሺ஽
௥భ
) 
஻ܸ ൌ
ݍ
2ߨߝ଴
ln ሺ
ݎଶ
ܦ
ሻ 
The potential difference between the two conductors is therefore 
஺ܸ஻ୀ௏ಲି௏ಳୀ
௤
ଶగఌబ
ln ሺ
ܦ
√ݎଵݎଶ
ሻ 
The capacitance between the two conductors is defined as the charge on one 
conductor per unit of potential difference between the two conductors. As a result, 
 
ܥ஺஻ ൌ
ݍ
஺ܸ஻
ൌ
ߨߝ଴
ln ሺ ܦ
√ݎଵݎଶ
ሻ
 ݂ܽݎܽ݀ݏ ݌݁ݎ ݉݁ݐ݁ݎ 
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Where  
ε0=  8.85*10-12  F/m  
For 
 
       r1=r2 
 
                                               ܥ஺஻ ൌ
గఌబ
୪୬ ሺವೝሻ
   
The capacitance to neutral for conductor A is defined as 
 ܥ஺ே ൌ
2ߨߝ଴
ln ሺܦݎ ሻ
 
The capacitance in three-Phase transmission Line 
 ܥ஺ே ൌ
2ߨߝ଴
ln ሺܦݎ ሻ
 
Where 
ࡰ ൌ ඥࡰ૚ࡰ૛ࡰ૜
૜  
     The overall transmission line model can then be represented by either a nominal 
ߨ-circuit or an equivalent ߨ-circuit, as shown in Figure 2.4, if the electrical length 
of the line is sufficient to merit the extra work involved in calculating it[6]. 
                       
        Figure 2.4 Transmission line representations in the form of an equivalent ߨ –circuit 
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2.4.3Types of Conductors and Conductor Materials 
      Phase conductors in extra high voltage - ultra high voltage EHV-UHV 
transmission systems employ aluminum conductors and aluminum or steel 
conductors for overhead ground wires. Many types of conductors are available. 
These include [9]:  
A. Aluminum Conductors 
 There are five designs: 
        1. Homogeneous designs: These are denoted as all-Aluminum- Conductors     
(AAC) or All-Aluminum-Alloy Conductors (AAAC). 
        2. Composite designs: These are essentially aluminum conductor- steel-
reinforced conductors (ACSR) with steel core material (this type of conductors 
used in Sudanese National Grid). 
       3. Expanded ASCR: These use solid aluminum strands with a steel core. 
Expansion is by open helices of aluminum wire, flexible concentric tubes, or 
combinations of aluminum wires and fibrous ropes. 
      4. Aluminum-clad conductor (Alumoweld). 
      5. Aluminum- coated conductors. 
B. Steel Conductors  
   Galvanized steel conductors with various thicknesses of zinc coatings are used. 
      
2.4.4 The voltage drop equation 
        The phase conductors of a three-phase transmission line, with ground as the 
return path and negligible capacitive effects, are illustrated schematically in Figure 
2.5. If the circuit terminal conditions enable current to flow in conductors a, b, c, 
and in the ground return path, the voltage-drop equation of the transmission line 
shown in Figure 2.5, at a given frequency, may be expressed in matrix form as 
follows[6]: 
 
The subscript g indicating that the ground return effect has been included. 
 
   
 
23 
 
       
                              Figure 2.5 Phase conductors of a three-phase transmission line 
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2.5 The Per-Unit System 
In power systems there are four base quantities required to define a per unit 
system. These are: power, voltage, current and impedance. Given two of these, all 
others can be defined using these two. In general for any quantity: 
                       ܳݑܽ݊ݐ݅ݐݕ ݌݁ݎ ݑ݊݅ݐ ൌ ௔௖௧௨௔௟ ௤௨௔௡௧௜௧௬
௕௔௦௘ ௩௔௟௨௘ ௢௙ ௤௨௔௡௧௜௧௬
 
And for power systems we have: 
ܵ௣௨ ൌ
ܵ
ܵ஻
 ,     ௣ܸ௨ ൌ
ܸ
஻ܸ
  , ܫ௣௨ ൌ
ܫ
ܫ஻
 , ܼ௉௎ ൌ
ܼ
ܼ஻
 
Normally we select a three-phase power base ( SB or MVAB ) and a line-to-line 
voltage base (  VB or KVB ). From these two the other bases can be computed using 
circuit laws 
Thus: 
ܫ஻ ൌ
ܵ஻
3
√3
஻ܸ
ൌ
ܵ஻
√3 ஻ܸ
 
And 
ܼ஻ ൌ
஻ܸ
√3ܫ஻
 
Other forms for ZB follow from the above equations: 
ܼ஻ ൌ
ሺ ஻ܸሻଶ
ܵ஻
 
 
ܼ஻ ൌ
ሺܭ ஻ܸሻଶ
ܯܸܣ஻
 
Note that VB is line to line voltage base! And IB is line current base. Also, SB is 3-
phase power base. Thus in dealing with per-phase quantities, the 3 and √3 need to 
be taken into account. 
Per unit quantities obey the circuit laws, thus 
         ܵ௣௨ ൌ ௣ܸ௨ܫ௣௨כ                                                   
And 
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         ௣ܸ௨ ൌ ܼ௣௨ܫ௣௨                                                  
In terms of phase quantities, the three phase complex power to a load is given by: 
         ܵ௅ሺଷ׎ሻ ൌ 3 ௣ܸܫ௣כ                                                  
and the phase current is related to the phase voltage by the load impedance thus: 
ܫ௉ ൌ
௉ܸ
ܼ௉
 
Using this value of phase current in the equation above we have (solving for 
impedance): 
ܼ௉ ൌ
3| ௉ܸ|ଶ
ܵ௅ሺଷ׎ሻכ
ൌ
| ௅ܸି௅|ଶ
ܵ௅ሺଷ׎ሻכ
 
Therefore the phase impedance in per-unit is given by: 
ܼ௣௨ ൌ
ܼ௉
ܼ஻
ൌ
| ௅ܸି௅|ଶ
ܵ௅ሺଷ׎ሻכ ܼ஻
 
And since  ܼ஻ ൌ
௏ಳమ
ௌಳ
 (see last page) the above expression becomes 
ܼ௣௨ ൌ
ܼ௉
ܼ஻
ൌ
| ௅ܸି௅|ଶ
ܵ௅ሺଷ׎ሻכ ܼ஻
ൌ
| ௅ܸି௅|ଶ
஻ܸ
ܵ஻
ܵ௅ሺଷ׎ሻכ
 
Or 
ܼ௣௨ ൌ
| ௣ܸ௨|ଶ
ܵ௅ሺଷ׎ሻכ
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Change of Base 
       Usually if none are specified, the pu values given are on nameplate ratings as 
base. For example a generator whose impedance is 0.4 pu and whose ratings are 
280 MVA and 110 kV, then the base MVA is assumed 280 MVA and base line to 
line voltage is 110 kV. 
Often the base for the system is different from the base for each particular 
generator or transformer, hence it is important to be able to express the pu value in 
terms of different bases. This is derived below. Let ܼ௣௨௢௟ௗbe the per-unit impedance 
on the power base ܵ஻௢௟ௗ  and voltage base ஻ܸ௢௟ௗ . We would like to find  ܼ௣௨௡௘௪ on the 
new power base ܵ஻௡௘௪and voltage base   ஻ܸ௡௘௪ . Let Z be the "ohmic" value of the 
impedance. Then we have: 
ܼ௣௨௢௟ௗ ൌ  
ܼΩ
ܼ஻௢௟ௗ
ൌ ܼΩ
ܵ஻௢௟ௗ
ሺ ஻ܸ௢௟ௗሻଶ
 
And similarly 
ܼ௣௨௡௘௪ ൌ  
ܼΩ
ܼ஻௡௘௪
ൌ ܼΩ
ܵ஻௡௘௪
ሺ ஻ܸ௡௘௪ሻଶ
 
By comparison of these two expressions it is evident that: 
ܼ௣௨௡௘௪ ൌ ܼ௣௨௢௟ௗ  
ܵ஻௡௘௪
ܵ஻௢௟ௗ
ሺܵ஻௢௟ௗሻଶ
ሺ ஻ܸ௡௘௪ሻଶ
 
This last expression is very useful in transforming per-unit values from one set of 
bases to another. 
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Chapter three 
Modeling of voltage control elements 
 
3.1Simple tap changing transformer 
       The effect of expressing the transformer parameters in the per-unit system is to 
transform the original voltage ratio Np: Ns into a unity voltage ratio 1:1. This 
enables a simple equivalent circuit consisting of the short-circuit admittance Ysc 
connected between the primary bus (p) and the secondary bus (s) to describe 
adequately the system performance of the two-winding transformer. However, 
power transformers are often fitted with a tap-changing mechanism to enable a 
degree of voltage magnitude regulation at one of the transformer terminals. This is 
achieved by injecting a small variable voltage magnitude in phase (added or 
subtracted) with the voltage magnitude at the output winding. Such transformers 
are termed load tap-changing (LTC) transformers and play an important role in 
power flow studies. The representation of an LTC transformer may be achieved by 
the series connection of the short-circuit admittance representing a per-unit 
transformer and an ideal transformer with taps ratio T: 1 [10]. This arrangement is 
shown in Figure 3.1.  
                      
                                                         Figure 3.1 Simple tap-changing transformers 
 
The following relationships exist in the ideal transformer, 
ܸ
ௌܸ
ൌ
ܶ
1  ,     ܽ݊݀    
ܶ
1 ൌ
ܫᇱ
ܫ … … … … … … … … … … … . … ሺ3.1ሻ  
 
The current across the admittance Ysc is: 
ܫ ൌ ௦ܻ௖ሺ ௉ܸିܸሻ ൌ ௦ܻ௖ሺ ௉ܸିܶ ௦ܸሻ ൌ ܫ௉ … … … … … … … . ሺ3.2ሻ 
 
ܫᇱ ൌ ܶܫ ൌ ௦ܻ௖ሺ ௉ܸିܶଶ ௦ܸሻ ൌ െܫௌ … … … … … … … . … … ሺ3.3ሻ 
Combining Equations (3.2) and (3.3) in matrix form gives: 
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                                (3.4) 
 
3.2 Advanced Tap-changing Transformer 
      Following the same line of reasoning, a comprehensive power system 
transformer model is derived for a single-phase three-winding transformer [8] each 
winding is represented as the series combination of a short-circuit admittance and 
an ideal transformer. Furthermore, each winding is provided with a complex tap-
changing mechanism to allow for tap-changing and phase-shifting facilities. 
Moreover, the magnetizing branch of the transformer is included to account for the 
core losses [6]. 
 Figure 3.12 shows the equivalent circuit of the three-winding transformer. 
         
                         Figure 3.2 Comprehensive tap-changing transformers. 
 
  The primary winding is represented as an ideal transformer having complex tap 
ratios ܶݒ ׷  1 and ܶ݅ ׷  1 in series with the admittance Ysc p, where ܶݒ ൌ ௜ܶכ ൌ  ݐ ൅
 ݆ ןൌ ܶס߶௧ .The symbol * denotes the conjugate operation. The secondary 
winding is represented as an ideal transformer having complex tap ratios ܷݒ ׷  1 
and ܷ݅ ׷  1  in series with the admittance Ysc s, where ܷ ௩ ൌ ௜ܷכ  ൌ  ݑ ൅  ݆ߚ ൌ
ܷס׎௨. Similarly, the ideal transformer in the tertiary winding has complex tap 
ratios ܹ ௩: 1 and ܹ݅ ׷  1 in series with an admittance Ysc t, where  ௩ܹ ൌ  ௜ܹכ ൌ
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ݓ ൅  ݆ߛ ൌ  ܹס׎௪. It is assumed here that Ysc p, Ysc s and Ysc t are the short-circuit 
admittances of the primary, secondary, and tertiary windings, respectively. The 
magnetizing branch of the transformer is represented by the admittance 
 ݕ଴  ൌ ܩ ଴ ൅ ݆ܤ଴. 
    The resistive path of the magnetizing branch is directly related to the iron losses, 
and its conductance G0 draws a current that varies linearly with the voltage across 
the magnetizing branch. However, in the inductive path the relationship between 
the current and the voltage is dictated by the rms V–I characteristic, which under 
saturating conditions becomes nonlinear. 
       The following relationships exist in the ideal primary, secondary, and tertiary 
transformers: 
ଵܸ
଴ܸ
ൌ ௩ܶ1 ,      ܽ݊݀   
௜ܶ
1 ൌ
ܫଵᇱ
ܫଵ
 , … … … … … … … … … … … . . ሺ3.5ሻ 
ଶܸ
଴ܸ
ൌ
ܷ௩
1 ,      ܽ݊݀   
௜ܷ
1 ൌ
ܫଶᇱ
ܫଶ
, … … … … . . … … … … … … . . . ሺ3.6ሻ 
ଷܸ
଴ܸ
ൌ ௩ܹ1 ,      ܽ݊݀   
௜ܹ
1 ൌ
ܫଷᇱ
ܫଷ
, … … … … … … … . . … … … … ሺ3.7ሻ 
The currents across the admittances Ysc p, Ysc s, and Ysc t are, respectively, 
ܫଵ ൌ ௦ܻ௖ ௣ሺ ௉ܸି ଵܸሻ ൌ ௦ܻ௖ ௣ሺ ௉ܸି ௩ܶ ଴ܸሻ ൌ ܫ௉ … … … … … … … . ሺ3.8ሻ 
ܫଶ ൌ ௦ܻ௖ ௦ሺ ௦ܸି ଵܸሻ ൌ ௦ܻ௖ ௦ሺ ௉ܸିܷ௩ ଴ܸሻ ൌ ܫ௦ … … … … … … … . ሺ3.9ሻ 
ܫଷ ൌ ௦ܻ௖ ௧ሺ ௧ܸି ଵܸሻ ൌ ௦ܻ௖ ௧ሺ ௉ܸି ௩ܹ ଴ܸሻ ൌ ܫ௧ … … … … … … … . ሺ3.10ሻ 
And at the centre of the transformer the following relationship holds: 
0 ൌ ܫଵᇱ൅ܫଶᇱ ൅ܫଷᇱ െܫ଴ ൌ ௜ܶܫଵ൅ ௜ܷܫଶା ௜ܹܫଷିܫ଴, … … … … … … … . . ሺ3.11ሻ 
 
Substituting Equations (3.8)–(3.10) into Equation (3.11) gives: 
0 ൌ െT୴כYୱୡ ୮V୮െU୴כYୱୡ ୮VୱାെW୴כYୱୡ ୮V୲ ൅ ሺT୴ଶYୱୡ ୮ ൅ U୴ଶYୱୡ ୱ൅Wୱୡ ୲ ൅ Y଴ሻV଴.   ሺ3.12ሻ 
 
Putting Equations (3.8)–(3.10) and (3.12) in matrix form gives: 
      (3.12)                              
Equation (3.12) represents the transformer shown in Figure 3.1. However, it is 
possible to find a reduced equivalent matrix that still models the transformer 
correctly while retaining only the external buses p, s, and t. This is done by means 
of Gaussian elimination: 
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         (3.14)                              
Where 
 
∆ൌ ௩ܶଶ ௦ܻ௖ ௣ ൅ ܷ௩ଶ ௦ܻ௖ ௦ ൅ ௩ܹଶ ௦ܻ௖ ௧ ൅ ଴ܻ 
     The nodal admittance representation of a two-winding transformer can be easily 
obtained by introducing simplifying assumptions in Equation (3.14). For instance, 
the tertiary winding does not exist when, the row and column corresponding to this 
bus become redundant and they are removed from Equation (3.14). Moreover, the 
tap ratios Wv and Wi become zero. Hence, the nodal admittance matrix equation 
representing the two-winding transformer is arrived at:                     
           (3.15) 
Where 
∆ൌ ௩ܶଶ ௦ܻ௖ ௣ ൅ ܷ௩ଶ ௦ܻ௖ ௦ ൅ ଴ܻ 
It must be noted that owing to the flexibility of the two-winding transformer model 
in Equation (3.15), it is possible to assemble a transformer model that represents 
the transformer circuit shown in Figure 3.1 by using three of these two-winding 
transformer models. 
    Transformer models with more constrained tapping arrangements can also be 
derived from Equation (3.15). For instance, take the case of the tap-changing 
transformer shown in Figure 3.1, represented by Equation (3.4). Such a 
representation can be derived from Equation (3.15) by including no magnetizing 
branch, ଴ܻ  ൌ  0 , and a nominal tapping position for the secondary winding, 
ܷ௩ ൌ  1. Moreover, the tapping position of the primary winding is real as opposed 
to complex, ௩ܶ  ൌ  ܶ, and the short-circuit admittance is assumed to be all on the 
primary side, Ysc s = 0 and Ysc p =Ysc. 
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3.3Phase shift transformer 
   A further strength of the transformer model in Equation (3.15) is that, owing to 
the complex nature of their taps, it represents rather well the system behavior of a 
phase shifting (PS) two-winding transformer. This is more easily appreciated if it is 
assumed that in Equation (3.15) both complex taps have unit magnitudes: 
௩ܶ ൌ 1ס׎௧ ൌ ܿ݋ݏ׎௧ ൅ ݆ݏ݅݊׎௧,                                                                   
. ܷ௩ ൌ 1ס׎௩ ൌ ܿ݋ݏ׎௩ ൅ ݆ݏ݅݊׎௩                                                       ሺ3.16ሻ 
  
 
(3.17) 
    This is a comprehensive model of a LTC and PS transformer that yields very 
flexible power flow and optimal power flow. 
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Chapter four 
Power flow calculation 
4.1 Introduction 
       The main aim of a modern electrical power system is to satisfy continuously 
the electrical power contracted by all customers .This is a problem of great 
engineering complexity where the flowing operational policies must be observed: 
1- Nodal voltage magnitude and system frequency must be kept within narrow        
boundaries. 
2- The alternating current and voltage waveforms must remain largely sinusoidal. 
3- Transmission lines must be operated well below their thermal and stability 
limits. 
4- Even short-term interruptions must be kept to a minimum. 
   Moreover, because of the very competitive nature of the electricity supply 
business in an era of deregulation and open access, transmission costs must be kept 
as low as possible .The main objective of power flow study is to determine the 
steady- state operating condition of electrical network. The steady state may be 
determined by finding out, for a given set of loading conditions, the flow of active 
and reactive powers throughout the network and the voltage magnitudes and phase 
angles at all buses of the network. The information conveyed by such studies 
indicates whether or not the nodal voltage magnitudes, active and reactive power 
flows in transmission lines and transformers are within prescribed operating limits. 
If voltage magnitudes are outside bounds in one or more points of the network, 
then appropriate action is taken in order to regulate such voltage magnitudes. 
Similarly, if the study predicts that the power flow in a given transmission line is 
beyond the power carrying capacity of the line the control action is taken. 
4.2 General Power Flow Concepts 
       The power flow problem is solved to determine the steady- state complex 
voltage at all buses of the network, from which the active and reactive power flows 
in every transmission line and transformer are calculated. The set of equations 
representing the power system are nonlinear. These equations are derived by 
assuming that a perfect symmetry exists between the phases of the three- phase 
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power system. Owing to the nonlinear nature of the power flow equations, the 
numerical solution is reached by iteration [6]. 
4.3 Basic Formulation 
A popular approach to assess the steady- state operation of a power system is 
to write equations stipulating that at a given bus the generating, load and powers 
exchanged through the transmission elements connecting to the bus must add to 
zero. These apply to both active and reactive power .These equations are termed, 
'mismatch power equations' and at bus (k) they take the flowing form: 
∆ ௞ܲ ൌ ܲீ ௞ െ ௅ܲ௞ െ ௞ܲ௅௖௔௟ ൌ ௞ܲ௦௖௛ െ ௞ܲ௖௔௟ ൌ 0 … … … … … … … … … ሺ4.1ሻ 
∆ܳ௞ ൌ ܳீ௞ െ ܳ௅௞ െ ܳ௞௅௖௔௟ ൌ ܳ௞௦௖௛ െ ܳ௞௖௔௟ ൌ 0 … … … … … … … … … ሺ4.1ሻ 
Where 
kP∆ & kQ∆ = the mismatch active and reactive powers at bus (k) 
GkP & GkQ = the active and reactive powers injected by generator at bus (k). 
LkP  & LkQ = the active and reactive powers drown by the load at bus (k). 
sch
kP & schkQ = the scheduled active and reactive power.  
cal
kP  & calkQ = the calculated active and reactive power. 
                        
Figure 4.1 Equivalent impedance 
 
         The injected complex current at bus (k) denoted by ( kI ) may be expressed in  
mkkm ZZ −=  k  m  mIkI  
kE  
mE
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ܫ௞ ൌ
1
ܼ௞௠
ሺܧ௄ െ ܧ௠ሻ ൌ ௞ܻ௠ሺܧ௞ െ ܧ௠ሻ … … … … … … … … . . ሺ4.3ሻ 
Terms of the complex bus voltage ( kE ) and ( mE  ) as flows: 
ܫ௠ ൌ
1
ܼ௞௠
ሺܧ௠ െ ܧ௞ሻ ൌ ௞ܻ௠ሺܧ௠ െ ܧ௞ሻ … … … … … … … … . . ሺ4.4ሻ 
      The complex power injected at bus (k) consists of an active and reactive 
component and may be expressed as: 
S୩ ൌ P୩ ൅ jQ୩ ൌ E୩.I୩כ ൌ E୩ሺY୩୩E୩ାY୩୫E୫ሻ … … … … … … ሺ4.5ሻ 
The expiration for ( calkP  & calkQ ) can be determined by using equation (4.5) and 
separating into real and imaginary parts: 
௞ܲ
௖௔௟ ൌ ௞ܸଶܩ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ cosሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ sinሺߠ௞ െ ߠ௠ሻሻ … … . ሺ4.6ሻ 
ܳ௞௖௔௟ ൌ െ ௞ܸଶܤ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ sinሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ scoሺߠ௞ െ ߠ௠ሻሻ … … . ሺ4.7ሻ 
Then the mismatch equations may be written as: 
∆ ௄ܲ ൌ ܲீ ௞ െ ௅ܲ௞ െ ሼ ௞ܸଶܩ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ cosሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ sinሺߠ௞ െ ߠ௠ሻሻሽ ൌ 0 … . ሺ4.8ሻ 
∆ܳ௄ ൌ ܳீ௞ െ ܳ௅௞ െ ሼെ ௞ܸଶܩ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ sinሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ cosሺߠ௞ െ ߠ௠ሻሻሽ ൌ 0 … . ሺ4.9ሻ 
Then the generic power mismatch equations at bus k are: 
∆ ௄ܲ ൌ ܲீ ௞ െ ௅ܲ௞ െ ෍ ௞ܲ௜ ௖௔௟
௡
௜ୀଵ
ൌ 0 … … … … … … … … … … ሺ4.10ሻ 
∆ܳ௄ ൌ ܳீ௞ െ ܳ௅௞ െ ෍ ܳ௞௜ ௖௔௟
௡
௜ୀଵ
ൌ 0 … … … … … … … … … … ሺ4.11ሻ 
 
4.4 Variables and Bus Classification 
   In conventional power flow theory each bus is described by four variables: net 
active power, net reactive power, voltage magnitude, and voltage phase angle. 
Buses are classified according to which two out of four variables are specified: 
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1- Generator PV buses. At a PV bus, the active power injection and voltage 
magnitude are specified while the voltage angle and reactive power injective are 
unknown. 
2- Generator PQ bus: if the generator cannot provide the necessary   reactive power 
support to constrain the voltage magnitude at the specified value then the 
reactive power is fixed at the violated limit and the voltage magnitude is freed. 
In this case, the generated active power PG and reactive power QG are specified, 
and the nodal voltage magnitude V and phase angle θ are computed. 
3- Load PQ buses. At PQ bus, the active and reactive power injections are         
specified while the voltage magnitude and angle at the bus are     unknown. 
4- Slack (swing) bus. At slack bus, the voltage angle and magnitude are specified 
while the active and reactive power injections are unknown. The voltage angle 
of slack bus is taken as reference for the angles of all other 
buses([1],[11],[12],[13]). 
4.5 Newton –Raphson Power Flow in Polar Coordinates 
In large –scale power flow studies the Newton –Raphson has proved most 
successful owing to its strong convergence characteristics. In order to apply 
Newton-Raphson method in power flow method the power mismatch equations      
( P∆ ) and ( Q∆ ) are expended around abase point ( )0()0( ,Vθ  ) and, hence the Newton- 
Raphson power flow equations in polar coordinates my given by: 
)12.5.....(..................................................⎥⎥⎦
⎤
⎢⎢⎣
⎡∆∆
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
∂
∂
∂
∂ ∂
∂
∂
∂
−=⎥⎦
⎤⎢⎣
⎡
∆
∆
V
V
V
V
QQ
V
V
PP
Q
P θ
θ
θ  
The various matrices in Jacobain may consist of up to (nb-1) × (nb-1) elements of 
the form:  
},
},
m
m
k
m
k
m
m
k
m
k
V
V
QQ
V
V
PP
∂
∂
∂
∂
∂
∂
∂
∂
θ
θ …………….…………………………. (4.13) 
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Where ( nbk ,...1=  ) and ( nbm ,...1= ) but omitting the slack bus entries. After the 
voltage magnitudes and phase angles have been calculated by iteration, active and 
reactive power flows throughout the transmission system are determined quite 
straightforwardly.  
4.6 Power flow including (LTC) 
     The handling of PV buses in power flow algorithms may fall within the 
category of constrained power flow solutions – generators regulate nodal voltage 
magnitude by supplying or absorbing reactive power up to their design limits. Load 
tap-changing and phase-shifting transformers are used to regulate nodal voltage 
magnitude and active power flow, respectively. They also give rise to constrained 
power flow solutions. Suitable power flow models of tap-changing and phase-
shifting transformers are developed in this section. 
Load Tap-changing Transformers 
    The power flow models for load tap-changing (LTC) transformers addressed in 
this section are based on the two-winding, single-phase transformer model 
presented in Section 3.2, which is quite a general one. The model makes provisions 
for complex taps on both the primary and the secondary windings, and the 
magnetizing branch of the transformer is included to account for core losses. 
However, the LTC model does not require complex taps, and Equation (3.15) 
simplifies to the following expression: 
 
          (4.13) 
 
It is assumed in this expression that the primary and secondary sides of the 
transformer are connected to bus k and bus m, respectively. This is with a view to 
developing LTC models aimed at systems applications. Also, the subscript sc is 
dropped in the transformer admittance terms. Comprehensive bus power injection 
equations for the LTC transformer may be derived based on Equation (4.13), but 
this involves very arduous algebra. Simpler expressions may be derived if a 
number of practical assumptions are introduced in this equation. For instance, it 
may be assumed that the tap-changing facility is only on the primary side          
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(Um= 1); the impedance is all on the primary side (Ym= 0); and the impact of the 
magnetizing branch is negligibly small in the power flow solution (Y0= 0). 
Incorporating these simplifying assumptions in Equation (4.13) we obtain an 
expression that is compatible with Equation (3.5): 
                 (4.14) 
 
Power flow equations at both ends of the transformer are derived, where Tk is 
allowed to vary within design rating values (Tk min < Tk < Tk max): 
௞ܲ ൌ ௞ܸଶܩ௞௞ ൅ ௞ܶ ௞ܸ ௠ܸሺܩ௞௠ cosሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ sinሺߠ௞ െ ߠ௠ሻሻ … … . . ሺ4.15ሻ 
 
ܳ௞ ൌ െ ௞ܸଶܤ௞௞ ൅ ௞ܶ ௞ܸ ௠ܸሺܩ௞௠ sinሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ cosሺߠ௞ െ ߠ௠ሻሻ … … . ሺ4.16ሻ 
௠ܲ ൌ ௞ܶଶ ௠ܸଶܩ௠௠ ൅ ௞ܶ ௠ܸ ௞ܸሺܩ௠௞ cosሺߠ௠ െ ߠ௞ሻ ൅ B୫୩sinሺߠ௠ െ ߠ௞ሻሻ. . … ሺ4.17ሻ 
ܳ௠ ൌ െ ௞ܶଶ ௞ܸଶܤ௠௠ ൅ ௞ܶ ௠ܸ ௞ܸሺܩ௠௞ sinሺߠ௠ െ ߠ௞ሻ ൅ ܤ௠௞ cosሺߠ௠ െ ߠ௞ሻሻ. . ሺ4.18ሻ 
௞ܻ௞ ൌ ௠ܻ௠ ൌ ܩ௞௞ ൅ ݆ܤ௞௞ ൌ ௞ܻ,                     
                                          ௞ܻ௠ ൌ ௠ܻ௞ ൌ ܩ௞௠ ൅ ݆ܤ௞௠ ൌ െ ௞ܻ.                                      ሺ4.19 
S୩ ൌ P୩ ൅ jQ୩ ൌ E୩.I୩כ ൌ E୩ሺY୩୩E୩ାY୩୫E୫ሻ … … … … … … ሺ4.5ሻ 
௞ܲ
௖௔௟ ൌ ௞ܸଶܩ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ cosሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ sinሺߠ௞ െ ߠ௠ሻሻ … … . ሺ4.6ሻ 
ܳ௞௖௔௟ ൌ െ ௞ܸଶܤ௞௞ ൅ ௞ܸ ௠ܸሺܩ௞௠ sinሺߠ௞ െ ߠ௠ሻ ൅ ܤ௞௠ scoሺߠ௞ െ ߠ௠ሻሻ … … . ሺ4.7ሻ 
The set of linearised power flow equations for the nodal power injections, 
Equations (4.15)  – (4.18), assuming that the load tap changer (LTC) is controlling 
nodal voltage magnitude at its sending end (bus k), may be written as: 
                      (4.21) 
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The tap variable Tk is adjusted, within limits, to constrain the voltage magnitude at 
bus k at a specified value Vk. For this mode of operation Vk is maintained constant 
at the target value. The Jacobian elements in matrix Equation (4.21) are given as 
follows: 
 
 
߲ ௞ܲ
߲ߠ௞
ൌ െ
߲ ௞ܲ
߲ߠ௠
ൌ െܳ௞ െ ௞ܸଶܤ௞௞, … … … … . … … . . ሺ4.22ሻ 
߲ ௞ܲ
߲ ௞ܶ ௞ܶ
ൌ
߲ ௞ܲ
߲ ௠ܸ ௠ܸ
ൌ ௞ܲ െ ௞ܸଶܩ௞௞, … … … … … … . . ሺ4.23ሻ 
߲ܳ௞
߲ߠ௞
ൌ െ
߲ܳ௞
߲ߠ௠
ൌ ௞ܲ െ ௞ܸଶܩ௞௞, … . . … … … . … … . . ሺ4.24ሻ 
߲ܳ௞
߲ ௞ܶ ௞ܶ
ൌ
߲ܳ௞
߲ ௠ܸ ௠ܸ
ൌ ܳ௞ െ ௞ܸଶܤ௞௞, … … … … … … . . ሺ4.25ሻ 
߲ ௠ܲ
߲ߠ௠
ൌ െ
߲ ௠ܲ
߲ߠ௞
ൌ െܳ௞ െ ௞ܶଶ ௠ܸଶܤ௠௠, … … … … … . . ሺ4.26ሻ 
߲ ௠ܲ
߲ ௠ܸ ௠ܸ
ൌ
߲ ௠ܲ
߲ ௞ܶ ௄ܶ
ൌ ௠ܲ െ ௞ܶଶ ௠ܸଶܩ௠௠, … … … … . . ሺ4.27ሻ 
߲ܳ௠
߲ߠ௠
ൌ െ
߲ܳ௠
߲ߠ௞
ൌ ௠ܲ െ ௞ܶଶ ௠ܸଶܩ௠௠, … … … … … . . ሺ4.28ሻ 
߲ܳ௠
߲ ௠ܸ ௠ܸ
ൌ
߲ܳ௠
߲ ௞ܶ ௞ܶ
ൌ ܳ௠ െ ௞ܶଶ ௠ܸଶܤ௠௠. … … … . . ሺ4.29ሻ 
If nodal voltage magnitude control by the LTC takes place on its receiving end 
(bus m) as opposed to the sending end (bus k), the second and third columns in 
Equation (4.21) are interchanged, and Jacobian elements similar to Equations 
(4.22)–(4.29) are derived and used as entries in Equation (4.21). Also, note that in 
the state variables vector ∆Tk and ∆Vk commute places.  
     At the end of each iteration ݅, the tap controller is updated using the following 
relation:  
௞ܶ
ሺ௜ሻ ൌ ௞ܶ
ሺ௜ିଵሻ ൅ ሺ
∆ ௞ܶ
௄ܶ
ሻሺ௜ሻ ௞ܶ
ሺ௜ିଵሻ … … … … … … … . . ሺ4.30ሻ 
The implementation of the LTC model within the power flow algorithm benefits 
from the introduction of a controlled bus, termed the PVT bus. It resembles a 
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generator PV bus but here the voltage control is exerted by an LTC as opposed to a 
generator. The nodal voltage magnitude and the bus active and reactive powers are 
specified, whereas the LTC tap Tk is handled as a state variable. If Tk is within 
limits, the specified voltage is attained and the controlled bus remains PVT. 
However, if Tk goes out of limits, Tk is fixed at the violated limit and the bus 
becomes PQ. 
 
State variable initialisation and limit checking 
     The status of LTC taps is checked at each iterative step to assess whether or not 
the LTC is still operating within limits and capable of regulating voltage 
magnitude. For an LTC regulating nodal voltage magnitude at bus k with tapping 
facilities in the primary winding 
                                    ௞ܶ ௠௜௡ ൏  ௞ܶ  ൏  ௞ܶ௠௔௫ … … … … … … … … ሺ4.31ሻ 
If either of the following conditions occurs during the iterative process: 
௞ܶ
ሺ௜ିଵሻ ൅ ∆ ௞ܶ
ሺ௜ሻ ൒ ௞ܶ ୫ୟ୶                                                      
௞ܶ
ሺ௜ିଵሻ ൅ ∆ ௞ܶ
ሺ௜ሻ ൑ ௞ܶ ௠௜௡                        ሺ4.32ሻ 
Bus k becomes a PQ bus and the tap is fixed at the violated limit. The nodal 
voltage magnitude at bus k is allowed to vary and Vk replaces Tk as the state 
variable. The tap changing transformer works as a conventional transformer, and 
the set of linearised power flow equations is given as follows: 
             (4.33) 
Checking of LTC taps limits normally starts after the first or second iteration since 
nodal voltage values computed at the beginning of the iterative process may be 
quite inaccurate, leading to misleading LTC tapping requirements. 
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Chapter five 
Application of (LTC) to the National Grid 
1.5 Introduction  
        In Sudan the National Grid is and interconnected system which comprises of, 
220KV, 110KV and 66KV transmission lines. The major transmission level is at 
220KV which extends from Rousers, the major hydro electric power station, to 
kilo X substation in Khartoum area. The second major line to 110KV single circuit 
transmission line which originates from Sennar power station to terminate at kilo X 
substation at Khartoum it also extends from Sennar power station to Rabak 
substation. Khartoum there is also an 110KV ring network, the 66KV transmission 
system is located in the East Grid. A simplified vision of NG is used in the study 
where the multi-machine system at Roseris is replaced by an equivalent machine 
and considered as the slack bus, Sennar power station is represented another 
equivalent machine and considered as a regulated bus. 
The double transmission line from Roseris by a single circuit and all transmission 
line are represented by their nominal π equivalents. Apart from the Roseris and 
sennar bus, which are generator buses, all the remaining buses in the system are 
considering as load buses. 
2.5 System diagram  
As shown in Figure 5.1, the National Grid contains   generators  in Rosaries power 
station and Sennar  power station  and Figure 5.2 shown the minimum load for 
day(22/12/2009 hours   4:00pm) ,Figure 5.3 shown the peak load for day 
(22/12/2009 hours   9:00pm) and the table 5.1 shows  the bus code. 
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Table (5.1) 
Bus code  Bus name
1  Roseris power station (slack  bus)
2  Sennar  junction (load bus)
3  Maringan (load bus) 
4  Giad (load bus) 
5  Kilo x (load bus) 
6  Sennar power station (regulated bus)
7  Hag Abdella(load bus)
8  El Hasahissa (load bus)
9  El Bagair(load bus) 
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3.5 Transmission line parameters 
            Transmission line consist resistances, reactances, capacitance ,  number of 
circuit, transmission line lengths and Nominal voltage at each line are all shown in 
Appendix(B). Transformer data are given in Appendix(C).  The table blow shows 
the transmission line parameter of the system in per unit the MVA base is 
100MVA, and voltage base is 220kv. The sources of these values are the Sudanese 
National Corporation.   
Table (5.2) 
Line No.  SB  RB  R(PU)  X(PU)  Y/2(PU) 
1  1  2  0.0176  0.095  0.3001 
2  2  3  0.00685  0.0362  0.1146 
3  3  5  0.027  0.146  0.121 
4  4  5  0.00863  0.01644  0.242 
5  3  4  0.0064  0.036  0.0282 
6  2  6  0.0288  0.0348  0.0121 
7  6  7  0.173  0.209  0.00968 
8  3  7  0.1007  0.122  0.00605 
9  3  8  0.0206  0.011  0.0928 
10  4  8  0.1581  0.191  0.00847 
11  4  9  0.2215  0.268  0.0424 
12  5  9  0.115  0.139  0.00605 
   
 
46 
 
 
 
 
5.4 Computer program 
       The computer program used is shown in Appendix (A).Newton–Raphson is 
used to solve the power equations detailed in chapter four.  
Computer program Result 
Table (5.3) load flow results nodes voltage in the minimum load  
Bus  Voltage  magnitude  Voltage angle 
1  1.000  0.000 
2  1.0045    ‐5.3765    
3  1.0067      ‐7.1751    
4  1.0120      ‐7.7774    
5  1.0102      ‐7.9160    
6  1.0000      ‐5.4009    
7  1.0035        ‐6.5805       
8  1.0022      ‐7.2292    
9  0.9952  ‐8.3699 
 
Table (5.4) load flow results nodes voltage in the average load 
Bus  Voltage  magnitude  Voltage angle 
1  1.000 0 
2  0.9987     ‐7.1421    
3  0.9945 ‐9.4073   
4  0.9962     ‐10.1148   
5  0.9939     ‐10.2852    
6  1.0000 ‐7.5366    
7  0.9950     ‐7.5366    
8  0.9880     ‐9.4932   
9    0.9735 ‐10.9359 
   
 
47 
 
Table (5.5) load flow results nodes voltage in the peak load 
Bus  Voltage  magnitude  Voltage angle 
1  1.0000    0 
2  0.9916      ‐9.0961   
3  0.9796      ‐11.8854   
4  0.9774      ‐12.7821 
5  0.9747      ‐12.9830    
6  1.000 ‐9.9422   
7  0.9848      ‐11.2459   
8  0.9711  ‐12.0106   
9  0.9484  13.8524                         
 
Test case of voltage magnitude control with load tap-changing 
     The original National Grid network is increased by one bus to modify this 
system as shown in the figure below. An additional bus, termed bus10, is used to 
connect the LTC. The initial condition of the tap is set to a nominal value           
(i.e. T =1). The winding impedance contains no resistance, and an inductive 
reactance of  0.1 p.u. 
 
Table (5.6) load flow results nodes voltage in the peak load including (LTC)  
Bus  Voltage  magnitude  Voltage angle 
1  1.000  0.000 
2  0.9944      ‐9.1128   
3  0.9864      ‐11.9352   
4  1.0037      ‐14.1453   
5  1.0005      14.1892    
6  1.0000      ‐9.8106   
7  0.9891      ‐11.2310   
8  0.9788      ‐12.2030 
9  0.9753      ‐15.0679   
10  1.0117  ‐13.6260 
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5.5 Results and Discussion         
       The results obtained are documented in tables (5.3), (5.4), (5.5) and (5.6) and 
Figures (5.5) - (5.10).The following observations may be made: 
i. For the minimum load case figure (5.5) it is seen that the voltage drops are     
negligible. 
ii. For the average load case figure (5.6) there are voltage drops but these are 
not serious and therefore the voltages at all buss are acceptable.  
iii. For the peak load case figure (5.7) the voltage drops are appreciable.         
The voltage at bus nine is 104.3KV and the voltage drop at this bus about 
5% while the drop for the minimum load case was negligible.  
iv. The peak load case including LTC is shown in figure (5.8).  After the system 
has been modified by including on-load tap changer transformer, the voltage 
at bus nine is improved form 104.3 to 107.3KV. The voltage at bus five and 
four before LTC were 215KV and 214.4KV respectively. After system 
modification the voltage became 220KV at each bus. The reactive power 
decreased in sennar power station from 38.11Mvar to 31.66Mvar. Power 
flow also is change in line 3, 4 and 5 showing optimum distribution in these 
lines. 
  
 
 
 
 
 
 
 
 
 
   
 
55 
 
Chapter six 
Conclusions and recommendations 
       In this work, Newton-Raphson iteration method is used to solve the load 
flow problem of a simplified version of Sudan National Grid. Results have 
been obtained for the minimum, average and peak load. Considerable voltage 
drops are observed to occur in the peak load case. A load tap changing 
transformer (LTC) was inserted at Maringan and great improvements were 
made on the voltage levels at all bus-bars. 
As a result of this study, it is recommended that an automatic tap-changing 
transformer be installed at Maringan to improve the voltage profile of the 
main transmission system from Roseris. 
This work may be extended to include the 500KV transmission system from 
Marawi. 
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Appendices 
Appendix (A) 
CMOPUTER  PROGRAM 
%***‐ ‐ ‐ Main Program 
%PowerFlowsData %Read system data 
%bus data 
nbb = 10 ; 
bustype(1) = 1 ; VM(1) = 1 ; VA(1) =0 ; 
bustype(2) = 3 ; VM(2) = 1 ; VA(2) =0 ; 
bustype(3) = 4 ; VM(3) = 1 ; VA(3) =0 ; 
bustype(4) = 3 ; VM(4) = 1 ; VA(4) =0 ; 
bustype(5) = 3 ; VM(5) = 1 ; VA(5) =0 ; 
bustype(6) = 2 ; VM(6) = 1 ; VA(6) =0 ; 
bustype(7) = 3 ; VM(7) = 1 ; VA(7) =0 ; 
bustype(8) = 3 ; VM(8) = 1 ; VA(8) =0 ; 
bustype(9) = 3 ; VM(9) = 1 ; VA(9) =0 ; 
bustype(10)= 3 ; VM(10)= 1 ; VA(10)=0 ; 
%bustype = 1 is slack or swing bus 
%bustype = 2 is generator PV bus 
%bustype = 3 is load PQ bus 
%bustype = 4 is generator PQ bus 
%Generator data 
ngn = 2 ; 
genbus(1) = 1 ; PGEN(1) = 0 ; QGEN(1) = 0 ; QMAX(1) = 5 ; QMIN(1) = ‐5 ; 
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genbus(2) = 2 ; PGEN(2) = 0.15 ; QGEN(2) = 0 ; QMAX(2) = 4; QMIN(2) = ‐4 ; 
%ngn = number of generators 
%genbus = generator bus number 
%PGEN = scheduled active power contributed by the generator 
%QGEN = scheduled reactive power contributed by the generator 
%QMAX = generator reactive power upper limit 
%QMIN = generator reactive power lower limit 
%Transmission line data 
ntl = 12 ; 
tlsend(1) = 1 ; tlrec(1) = 2 ; tlresis(1) = 0.0176 ; tlreac(1) = 0.095 ; 
tlcond(1) = 0 ; tlsuscep(1) = 0.3 ; 
tlsend(2) = 2 ; tlrec(2) = 3 ; tlresis(2) = 0.00685 ; tlreac(2) = 0.0362 ; 
tlcond(2) = 0 ; tlsuscep(2) = 0.1146 ; 
tlsend(3) = 3 ; tlrec(3) = 5 ; tlresis(3) = 0.027 ; tlreac(3) = 0.146 ; 
tlcond(3) = 0 ; tlsuscep(3) = 0.121 ; 
tlsend(4) = 4; tlrec(4) = 5 ; tlresis(4) =0.00863 ; tlreac(4) = 0.01644 ; 
tlcond(4) = 0 ; tlsuscep(4) = 0.242 ; 
tlsend(5) = 4 ; tlrec(5) = 10 ; tlresis(5) = 0.0064 ; tlreac(5) = 0.036 ; 
tlcond(5) = 0 ; tlsuscep(5) = 0.282 ; 
tlsend(6) = 2; tlrec(6) = 6 ; tlresis(6) = 0.0288; tlreac(6) = 0.0348 ; 
tlcond(6) = 0 ; tlsuscep(6) = 0.0121 ; 
tlsend(7) = 6 ; tlrec(7) = 7 ; tlresis(7) = 0.173 ; tlreac(7) = 0.209 ; 
tlcond(7) = 0 ; tlsuscep(7) = 0.00968 ; 
tlsend(8) = 3 ; tlrec(8) = 7 ; tlresis(8) = 0.1007 ; tlreac(8) = 0.122 ; 
tlcond(8) = 0 ; tlsuscep(8) = 0.00605 ; 
tlsend(9) = 3 ; tlrec(9) = 8 ; tlresis(9) = 0.0206 ; tlreac(9) = 0.011 ; 
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tlcond(9) = 0 ; tlsuscep(9) = 0.0928 ; 
tlsend(10) = 4 ; tlrec(10) = 8 ; tlresis(10) = 0.1581 ; tlreac(10) = 0.191 ; 
tlcond(10) = 0 ; tlsuscep(10) = 0.00847 ; 
tlsend(11) = 4 ; tlrec(11) = 9 ; tlresis(11) = 0.2215 ; tlreac(11) = 0.268 ; 
tlcond(11) = 0 ; tlsuscep(11) = 0.0424 ; 
tlsend(12) = 5 ; tlrec(12) = 9 ; tlresis(12) = 0.115 ; tlreac(12) = 0.139 ; 
tlcond(12) = 0 ; tlsuscep(12) = 0.00605 ; 
%ntl = number of transmission lines 
%tlsend = sending end of transmission line 
%tlrec = receiving end of transmission line 
%tlresis = series resistance of transmission line 
%tlreac = series reactance of transmission line 
%tlcond = shunt conductance of transmission line 
%tlsuscep = shunt susceptance of transmission line 
%Shunt data 
nsh = 0 ; 
shbus(1) = 0 ; shresis(1) = 0 ; shreac(1) = 0 ; 
%Load data 
nld = 8 ; 
loadbus(1) = 2 ; PLOAD(1) = 0.277 ; QLOAD(1) = 0.109 ; 
loadbus(2) = 3 ; PLOAD(2) = 0.489 ; QLOAD(2) = 0.179 ; 
loadbus(3) = 4 ; PLOAD(3) = 0.12 ; QLOAD(3) = 0.13 ; 
loadbus(4) = 5 ; PLOAD(4) = 0.202 ; QLOAD(4) = 0.115 ; 
loadbus(5) = 6 ; PLOAD(5) = 0.03 ; QLOAD(5) = 0.015 ; 
loadbus(6) = 7 ; PLOAD(6) = 0.025 ; QLOAD(6) = 0.015 ; 
loadbus(7) = 8 ; PLOAD(7) = 0.329 ; QLOAD(7) = 0.187 ; 
loadbus(8) = 9 ; PLOAD(8) = 0.236 ; QLOAD(8) = 0.107 ; 
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%nld = number of load elements 
%loadbus = load element bus number 
%PLOAD = scheduled active power consumed at the bus 
%QLOAD = scheduled reactive power consumed at the bus 
% Load Tap Changing transformers data 
NLTC = 1 ; 
LTCsend(1) = 3; LTCrec(1) = 10 ; Rltc(1) = 0 ; Xltc(1) = 0.1 ; 
Tap(1) = 1 ; TapHi(1) = 1.5 ; TapLo(1) = 0.5 ; Bus(1) = 3 ; LTCVM(1) =0.9864 ; 
%General parameters 
itmax = 100; 
tol = 1e‐12; 
nmax = 2*nbb; 
[YR,YI] = YBus(tlsend,tlrec,tlresis,tlreac,tlsuscep,tlcond,shbus,shresis,shreac,ntl,nbb,nsh) 
[VM,VA,it,Tap]=LTCNewtonRaphson(nmax,tol,itmax,ngn,nld,nbb,bustype,genbus,loadbus,PGEN
,QGEN,QMAX,QMIN,PLOAD,QLOAD,YR,YI,VM,VA,NLTC,LTCsend,LTCrec,Rltc,Xltc,Tap,TapHi,TapL
o,Bus,LTCVM) 
[PQsend,PQrec,PQloss,PQbus]=PQflows(nbb,ngn,ntl,nld,genbus,loadbus,tlsend,tlrec,tlresis,tlrea
c,tlcond,tlsuscep,PLOAD,QLOAD,VM,VA) 
[LTCPQsend,LTCPQrec] = LTCPQflows(nmax,NLTC,LTCsend,LTCrec,Rltc,Xltc,Tap,VM,VA); 
it %Iteration number 
VM %Nodal voltage magnitude (p.u.) 
VA = VA*180/pi %Nodal voltage phase angle(Deg) 
PQsend %Sending active and reactive powers (p.u.) 
PQrec %Receiving active and reactive powers (p.u.) 
Tap %Final transformer tap position 
% End of Main LTCNewtonRaphson PROGRAM 
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Appendix (D)  
POWER FLOW RESULT WITH (LTC) 
PQsend = 
   1.6370 ‐ 0.2619i    1.3341 ‐ 0.0573i    0.2410 ‐ 0.1934i     0.1163 + 0.0105i                 
‐0.2862‐ 0.3140i      0.024 ‐ 0.2711i     0.0960 ‐ 0.0305i     ‐0.0687 + 0.0329i         
0.3742 ‐ 0.0644i    ‐0.0379 + 0.1606i    0.0874 + 0.0132i    0.1535 + 0.0524i 
PQrec = 
  ‐1.5896 + 0.2194i   ‐1.3217 + 0.0100i    ‐0.2389 + 0.0854i   ‐0.1160 ‐ 0.2530i   
0.2869+0.0316i        ‐0.0235 + 0.2621i    ‐0.0943 + 0.0230i   0.0693 ‐ 0.0380i                      
‐0.3712 ‐ 0.0236i     0.0424 ‐ 0.1635i     ‐0.0855 ‐ 0.0524i     ‐0.1504 ‐ 0.0546i 
POWER FLOW RESULT WITHOUT (LTC) 
PQsend = 
 1.6347 ‐ 0.2334i    1.3266 + 0.0531i     0.1273 + 0.0050i     0.2264 ‐ 0.0714i        
0.4144 ‐ 0.1456i     0.02 ‐ 0.3525i      0.1000 ‐ 0.0136i     ‐0.0726 + 0.0160i       
0.3561 + 0.0447i    ‐0.0237 + 0.0482i    0.0906 + 0.0112i     0.1507 + 0.0573i 
LTC 
PQrec = 
  ‐1.5876 + 0.1904i    ‐1.3142 ‐ 0.0992i    ‐0.1268 ‐ 0.0141i    ‐0.2259 ‐ 0.1582i                 
‐0.4133 ‐ 0.1179i      ‐0.0193 + 0.3454i   ‐0.0982 + 0.0062i    0.0732 ‐ 0.0212i                   
‐0.3532 ‐ 0.1315i      0.0242 ‐ 0.0555i     ‐0.0885 ‐ 0.0479i    ‐0.1475 ‐ 0.0591i 
 
 
 
 
